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1.0 INTRODUCTION AND OBJECTIVES

The use of self-propigating reactions in ferming high purity refractory
compounds has been explored by the Soviets over a period of several years with
some success in tforming cost effectiv2 abrasive powders. The formation o% &
densified shapz of TiBy by applying only pressure during the exothermicAself-

propagating reaction was first'demonstrated by Zavitsanos and Morris(]) where

.TjB2 discs'were.formulated with a density of 96.7% theoretical.

The adVantages of self-propagating processes can be maﬁy including
higher purity,'strength, toughness and perhabs production cost. This program
was undertaken in an effort to investigate the fundamentai aspects of the
self-proﬁagating reaction between Ti énd B powders leading to the highly
exothermic formation of TiBy, i.e. Ti(c) + 2B(c) - TiBz(c) + AH as well as
produce specimens of modest dimensions fn order to obtain engineering physical
properties leading to an eventda1'process scale-up utilizing commercially
available elemental powders.

The objectivé of the program was to identffy the mechanism of the
reaction and identify the most promising conditions leading to highest ﬁurity,'
density-and toughness;'the suggested candidate factors controlling micro- |
structure and density are the following:

1. Starting reactant powders: purity an& size distribution.

2. Powder mixing: rétio, unﬁformity, seeding.

3. Reaction initiation: * point source (hot wire at 900°C);
volume heating by furnace to 90C°C. :

4. Pressure: magnitude and method of application.

(1) "Synthesis of Titanium Diboride by a Self-Propagating Reaction", by
P.D. Zavitsanos and J.R. MOrris, Jr., Ceramic Eng. and Sci. Proc.,
July-August 1983, pp. 624-633,




Most of the suggested variables were addressed in the course of the
program and high purity samples of vitanium diboride were synthesized in the
%orm of wafe}s (1.75" dia. x 1.25" thick) using the high températurevse1f-
propagating reactjon process. Extenéive characterizafion of the samples
resulted in incfeased confidence in termg of proceeding with_a’cost
effective scale-up eff&rt and eventual field tests. The sca1e-ﬁp effort
will be based on the effective transfer of the process technology developed
on this program to large scale equipment such as high pressure/large volume

autoclave.




2.0 THERMOCHEMISTRY

, 2.1 Heat of Reaction Measurements by Bomb Calorimetry

The heat of formation of TiB as ~eported in the JANAF Tables(?) is
in serious dispute with values ranging trom -50 + 5 kcal/mole to 73.6 + 4.5
kcal/mole. lhe'significance'of this problem in the self-propagatioﬁ synthegis
technique is that the Tower value of the hcat of formation would not be |
sufficient to produce a liquid Tileproduct which may play a key role in the
densification step. For this reason it was considered necessary to measure
the heat of formation by a "direct" method as compared to the JANAF values
which were all "indirect.” -

‘ An automatic adiabatic Bomb Cé]orimeter‘(Parr Instrument’ Co. Model 1291)
was used to measure the h2at of the reaction Ti + 2B + TiBp + AH. An attempt
was also made to measure 2Ti + B4C - 2TiBp + C but this was not possible
under the existing experimental conditions. Howevér the AH of several Ti/2B,
2Ti/B4C mixtures was possible to be measured.

The Parr bomb calorimeter consists of a sealed stainless steel reaction

vessel ("bomb") imaersed in a constant temperature water bath, The bomb is

equipped with two electrical feedthroughs, a valve to pressurize the bomb,
and a vent valve. Reactants are held in a small steel cup suspended in the
bomb. A thin fusible wire above the cup is conﬁected to the electrical feed
posts. A power supply attached to these posts serves to melt the fuse wire
onto the reactants and thus trigger the exothermic reaction. The resulting
temperature increase is used to calculate the AH for the reaction. A system

calibration provides the nécessary conversion calories/degree temperature

(2) JANAF Thermochemical Data, Dow Chemical Company, Midiand, Michigan




rise. The calibration is determined from a standard materizal of known heat
ou;put'(Benzoic Acid). |

The Ti/B reaction was studied under several conditions of applied
atmosphere (air and N2) using two sources of boron, elemental B and B4C.
Further detajls of experimental'conditions and the resulting heat (AH;’ZQB)
.are shown in Table I. The results suggest the reaction is sd fast thét
surface heterogeneous reaction(s) with oxygen and/or nitrogen play an
insignificant role in thé observed heat release which jﬁ 1,033 cal/g
(or 71.81 kcal/mole) for the Ti/20 mixture and considerably less when the
source of boron is B4C instead of.B.

Table Il shows the results of this work in comparison with all the
JANAF values, and subports the‘view that an adequate amount of énergy is
released to raise the (adiabatic) temperaturé of the product abdvé the

melting point of TiB, which is 3,003°K.




TABLE 1

PARR BOMB HEAT QF REACTION DATA SUMMARY

SAMPLE_COMPOSITION SAHPLE  BH_ g0 ATMOSPHERE
, . - WT. *
‘T + 2B 2T + B4C , (g) (cal/g)
100% (WT) ——— POMDER 5.49 1087 AR +Np*
100 - PELLET 5.70 1037 Nt
100 - POWDER 4.38 994 Ny
100 - PONDER® - 6.06 1004 Nt
00 - PoWDER®  5.97 1044 Nt
. 1033 AVG
70 30 POWDER 4.85 854 N,
. 50 56 PPOWDER 5.93 744 N
764
50 - " 50 , POWDER® *  5.91 784 ) AVE Nt
-- 100 DID NOT IGNITE Ny*

* AMBIENT AIR IN BOMB PRESSURIZED TO 20 PSIG WITH N,
* PARR BOMB PURGED WITH N2 THEN PRESSURIZED TO 20 PSlIG

8 PREPARED FROM BALL MILLED POWDERS




Ti(s) + 28(s) —> TiB,(s) =

AH; 298(lu:al/mo?e)

TABLE II

THERMOCHEMISTRY

-66.85 + 2.7
-50 + 5

-73.6 + 4.5
-63.6 + 2.0
-67.5 + 3.5

n.81 +1.9

SOURCE

JANAF

THIS WORK

METHOD

. INDIRECT

- DIRECT BOMB
CALORIMETRY




3.0 SYNTHESIS PROCESS

3.1 Experimant Definition

~The experimental matrix for the synthesis of dense TiBp by the self-
propagating, high temperature reaction of pre-compacted elemental powder
mixes contained in a graphite die system is shown.in Table III. The boron

powder size effect was examined using nominal powder sizes of 249 yum

(-60 mesh), 43 um(-325 mesh), 10-120 um (reported as'BZOK in error), and

0.150 um (sub-micron). These boron powders were combined with two titanium
powder sizes, 43 pn (-325 mesh) and 1-5 um as indicated in Table III.
Sfoichjometric and off—stoichiometric powder mix compositions were
prepared and made into dense compgcts by two reaction press processes,
denoted as programs #1 and #9 in:Table 1I1. In addition, stoichiometric
powder mixes using boron carbide (B4C) as the boron source, and added TiB
invthe powder mix as a seedani addition were processed. Two pressings,
usfngla jet-milled powder mix were prepared to assess pre-process powder

preparation effects.

3.2 Powder Evaluation

The examination of the powders used in the reaction pressing experi-
ments included mass spectrometry on individual powder samples of Ti and B,

and scanning electron microscope/energy dispersive x-ray microanalysis

(SEM/EDX) . on both individual powdérS'and on unreacted powder mixes of

- Ti + 2B.
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3.2.1 Mass Spectrometry

~ Time of flight mass spectrometric measurements were made on volatile
products from two sources of boron (Callery and Atlantic Equipment Engiheers
(AEE)) and two sources of titanium (AEE and Alfa Products). Tﬁis was done
to detect any significant adsorbates or impurities between sources of the
two powder materials used to %abricaté T-iB2 théf might account for differences
in behavior ‘during formation. Roth titanium samp1e§ showed hydrogen evolving
above aboﬁt 1600°C, while the Alfa material showed somewhat more carbon and
oxygen specieslas well as a higher total volatile content as evident by the
total mass spectrometer signal.

Both boron specimens gave identica’ resp&nses relative to mass number,

but the Callery specimen gave about 30% wore, total Eounts due mainly to mass
numbers 44 and 45. A summary of data is given in Table IV.. Inasmuch as the

prior history of the materials as well as the processes by which they were

made are not completely known, it is not possible to assign chemical compound

formulas to all mass numbers observed in the analyses. Yet some possibilities
.are listed in Table IV mainly resulting from the presence of carbon, oxygen,

’hydrogen and/or water vapor adsorbed on the powder surfaces.

3.2.2 SEM/EDX Evaluation

The suppliers and the powder deécriptions are Qhown in Table V.
“Figures 1 and 2 illustrate the individuallpowder morphology for AEE -325
mesh Ti and for AEE -325 mesh B; These‘powders, when combinéd in solids-
solids mixed stoichiometfic and excess Ti formulaé,‘obtained'consistént density
and strength properties when reaction pressing.processed. The jet-milled,
stoichiometric compositioﬁ of these pbwders obtained the best flexure strength

prbperties for that powder combination.
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SUMMARY OF MASS SPECTROMETRY RESULTS, TOTAL COUNTS TO 1800°C

"TABLE IV

TITANTUM POWDERS

BORON POWDERS

POSSIBLE AEE ALEA POSSIBLE  CALLERY AEE
MASS NO.  SPECIES Ti Ti SPECIES B B
1 H 370
2 Hy 7640 7730 Hy 11350 760
Rt B 480 200
12 c 10620 B 200 590
15 CH, 5250 .
16 0 1300 9890
20 - 3750 -- 2770 2360
36 - 1070 - 3120 150
44 co, 3250 cop 6010 1950
45 HyB O, 4250 2550
47 -- 5090 . 6900
48 Ti 3100 5250
49 - 13350 5020
65 -- 600
83 -- 250
TOTAL (COUNTS) 20110 38740 26880 21080
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Green compacts, representing the various combinations of four boron
powder sizes with two titanium powder sizes, were prepared anq the fracture
surfaces of these uhreacted powder mixes were examined, Figures 3 thru 8.
This qualitative examination of the powder paftic]e morphology suggests thét
the Ti powders have a wide particle size distribution, angular and e]ongéted
particle shapes, and a high degree of aggregation. ‘

~ Similar observations apply to fhe larger boron powders (-325 and -60
mesh), whereas these comments are not valid for the sub-micron boron (Fig. 8)
because of tnhe difficulty of resolving the individual particles. The Callery
" boron, origfnally identified by Callery Chemical Co. as "320 aqgstrom" mean
particle >ize, was anvin-house supply used in early experimentatidn.

Figure 7 indicates that the powder had a thin lamallae morphology suggesting

a paral]ef growth habit(3’4? with possible inferpenetration twin growths .

which is expected in crystal growth from a vapor phase reqction or decomposifion.
Measurements of the angular crystal faces suggest this boron powder js the

low temperature (800°C - 1100°C ) a<rhombohedral form. ()

(3) An Introduction to Crystallography, F.C. Phi]lips, Longmans Green and
Co. Ltd., 1965.

(4) ‘Crystallography and Crysta1 Defects, A. Kelly and G.W. Groves, Add1son-
Wesley Pub. Co., 1970.

(5) Structure and Polymorphism in Elemental Boron, J.L. Hoard and
* Preparation and Chemistry of Elementary Boron, A.E. Newh1, both in
Borax to Boranes, Advances in Chemistry Series No. 32, American
Chemical Society, 1961.
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&

Figure 3. Fracture surface of green compact of Ti + B Mix #6 stoichiometric
Ti + 2B, AEE -325 mesh titanium + AEE -325 mesh boron. Top, SEM

photomicrogrzph of particle shapes and sizes. Bottom, Ti x-ray
map of same area. :
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Figure 5. SEM examination of green compact of stoichiometric Ti + 2B,
AEE 1-5 micron titanium + ACE -325 mesh boron. Top: SEM
image; Bottom; Titanium x-ray map of identical area.
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Figure 6 .

Fracture surface of green compact of stoichiometric Ti + 28,
AEE -325 mesh titanium + Alfa -60 mesh boron. Top: SEM
photomicrcgraph illustrating particle shapes and sizes.
Bottom: Ti x-ray map of same area.
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EDX spectra are presented for AEE -325 mesh B (Fig. 2), AEE 1-5 micron
Ti + AEE -325 mesh B (Fig. 4), and AEE 1-5 micron Ti +,Cal]ery,3203 (ng. 7).
The boron powder spectra indicates a trace(s) of Fe, and the powder mix

analysis shows traces Fe, Si, Al, and Ca.

3.3 Powder Mixing .

Jar mil]ing; solids-solids blending, and jet milling techniques were
attempted for powder mixing of 40 g to 100 g batches of the compositions
examined for this synthesis study. |

Jar milling techniques(7) were excluded because the boron component
wou]d'mechanica1iy plate the fnside surface of the jar.

Twin-SheI1R solids-solids blending(s)'was found to provide uniform,l
rapid mixing of the powders. Boron-rich inclusions were ;ometimes observed
in the course of the various examinations of the densified reaction pressings,
which indicated separation of the powders was possible. However, because
of the potential of abplying this method to large batch processing, this mix
methdd was selected for this étudy.

Pre-mixed titanium and boron powders were a]sd processed in a jet or
fluid'energy‘mill. Jgt milTing has attracted considerable attention since
it hés the distinct advantage of producing fine powdérs‘of controlled particle
size and distribution while maintaining purity. A schematic representation
of the Trost-type jet mill used in this study‘is.shown”in Figure 9 . A

;.n“atofy hopper feeds the powders to be ground into a'stream'of compressed

{o) Estimate trace < 0.1%.

(7) U.S. Stoneware mill drive, 260 rpm; size 000 mill jars, 13 mm x 13 mm
grinding pellets; dry milled 2 hours nominai.

(8) patterson-Kelley Co., Twin-She]]R yoke solids-solids blender, Model YB-B
with YS-1/2 blender shell (working voiume = 0.5 quart).
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Figure 9.

CLASSIFICATION
CHANOER

Schematic representation of the essential features
of a Trost-type fluid energy mill.
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air that is expanded through two diametrically opposed jets. The solid
particles are accelerated. to very high velocities where particle fracture
takes place on collision in a grinding chamber. The rate of grinding is 

proportional to the jet pressure and the cross-sectional area of the jet

opening. After self-attrition of the feed particles, the product particles

travel dpward into a flat, shallow, circular classifying chamber. Particles

with a high sUrface-to-mass\ratio spiral through a central exhaust opening

' leading to a collector system, whereas those of low ratio continue to travel

along the periphery of the ciassification chamber and are reaccelerated by,
the second of two jets to collide with néw feed material.

The jet-milling method of fine grinding produces a powder with

'essentially no contamination since there are no moving parts and the liner

materials are generally hard ceramics or polyurethane (which can easily be

“oxidized in a subsequent heat treatment).. In addition to the purity consid-

erations, jet mi11ing has also been shown to be preferred over ball milling

in terms of particle size and distribution, Figure 10ﬁ9) Note that the jet-
milled powder has a narrower particle size distribution (1-6 um) over the
particle size range detected by the Coulter Cobntef. Furthermore, the.average
particle size of the jet-milled powder is smaller than that of the ball-
milled powder since ‘the entire curve for jet milled pbwdek lies below thqt

for ball-milled powder.

"(9) C. Greskovich, "Milling" in Cerémic Fabrication Processes, F.F. Wang,

£d., Academic Press, NY, 1976.
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Particle size distribution of ball-milled and jet-milled
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3.4 Reaction Processing

The reaction pressing of the powder mixes was accomplished in an'Astro
Industries Inc..Model HP20 3560 Hot Pressing System, equipped with a Honeywell
Type RI-3 Small Target Radiamatic Pyrométef for heaf-radiation detection and
process variable inpdt to the Honéywe]] Digital Control Programmer (DCP)

Model 770211. The microprocessor-based DCP provides the means to store and
run sét point progréms.‘ _

A graph1te die assembly (1.750" ID) with a carbon-carbon f11ament wound
"strongback" contains the compact dur1ng proce551ng in a furnace atmosphere
of flowing N2 or argon and with an applied force of 15000 pounds. Temperature
of the hot press die assembly was monftored using the L&N Model 8634-C
Precision Optical Pyrometer with accuracy at 1035°C. + 4°C and at 1760°C *+ 8°C.
Figures 11 and 12 illustrate time-iempefature and‘time-pressure profiles for
the five hot preés proceﬁses used in thfs study. Progrqm 1 incofporaies two
tempekature'soaks, 15 minutes at 1050°C and 50 minutes at‘1760°C; the Tow
temperature soak (1050°C) provided for equiTibration of the grabhite die maés
prior to ﬁigﬁ teﬁpefﬁture (1760°C) sinter densification. Microstructure
evaluation indicated that fastzr ramp-up of the externally controlled temperature

would benefit densification during the Ti + 2B react1on(]0)

arnd Program 9 is
a result of this recommendation. The remaining programs (M, 5, 6, etc.) were

variations attempted in earlylexperfments; and in later work that. indicated

lTow temperature (500°C) degassing (Prograh 1 with dngas) or high temperature

(2000°C) soak (Program 6) would benefit densification.
Table vl presents the details of the reaction processing used to
synthesize and densify TiB2 from the elemental powder mixes characterized

for this study program.

(10) Personal Communication, Richard E. Tressler to Peter Zavitsanos, Aug. &,
1984 .
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)
2)
3)
(4)

5

" TABLE VI (CONT'D)

NOTES

Nominally 40 gms loaded into die

HP-291 was first pressing with new AEE -325 Ti powder
o ,

Callery 320 A = 100 micron lamellae

1.049 TL{ + 2B = 5 w/o excess Ti

Ti + 2.043B = 2 w/0 excess B

TL + 2.1B = 5 w/o excess B

Ti B+ 0,198 = 90.5 w/o AEE B + 9,5 w/o Callery sub-micron B
T B + 0.38B = 81 w/o AEE B + 19 w/o Callery sub-micron B

T 2B = 7.5 w/o excess Ti

2B + 0,017Ni = 1.4 w/o Ni (Fisher N-40)

2B + 0.01 TiBy = 1,0 w/o T1B3 (AEZ 1-5 um) added

2B + 0.001 TiBy = 0.1 w/o TiBp (AEE 1 um) added

+ 1.81
+ 1,62
1,077 TL +
T +
Ti +
Ti +

Die "L" = 4,445 e¢m ID x 10,2 em L (1.750" ID x 4,00" 1)

- Die "S" = 4,445 cm ID x 4,06 ecm L (1.750" 1D x 1.60" L)

Release Agent, BN = Boron Nitride, Car*-rundum Jeries V (MgSing additive-
Release Agent, Gr = 0.015" Gtafo:llR Union Carbide Corp

Ram Force of 15 x 103 1bs equivalent to 6706 psi (1.750" ID die)

A




3.5 Sample Preparation

3.5.1 Machining Techniques
The machining of the TiB; reacgion pressings to provide various specimens

for physical and mechanical property measurementé'requiredfdiamond cutting and
grinding equipment. Grinding wheels with 100% concentration of 120 to 180 grit
diamond particles proved to be most effective in both slicing and surface
dressing of the specimens.l Surface cutting speeds in the'}angé of 100 to 120
fpm were‘utilized with a 0.0005 inch to 0.002 inch downfeed per grfnding pass.
Table travel was at a low‘speed and flood coolant was used at all times.

‘ Where posSib1e, a precision vise was used to hold the material during
machining, but it was often necessary to wax the TiB, to an intermediate |

c]amping block to éffectively position the material on the grinding table.

3.5.2 Flexure Bar Preparation

Flexure bars extracted from the reaction pressings were obtained 0.010

inch to 0.015 inch oversize to permit stock removal by precision iap machining.

' L0
Precision lapping was done on a 15" diameter lap ma;hiné']) with 15 micron B4C
grinding powder in a light oil carrier}iz) after bondiné]3) to a Tapping

fixture equipped with diamond-tipped, micrometer-threaded adjustable stovs.
~ After the four long sidés are lapped to dimension, the four edges are\beve]ed

to remove edge chips and cracks. Beveling was dore by hand on an 0il-lubricated

(14)

1200 grit diamond wheel operated at 125 rpm.

(11) Crane Packing Co., Lapmaster 15, with serrated Tap plate and conditioning
rings. »

(12) Lapmaster #3600, 15 um B4C, in John Crane 3M 0il: 60 g B4C/1 Titer 3M.

(13) Crystal Cement 30C, Universal Shellac and Supply Inc.

(14) 1200 grit ACCU-Finish Wheel, Glendo Corp., with Staidoil diamond Yapping
oil, Coburn Optical Industries, Inc.
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3.5.3 Metallographic Specimen Preparation

| Metallography specimens were mounted in a 2-part clear epoxy with
mounting filler for edge retention.(15) Grinding 'and bolishing procedures were
developed for automatic machine preparation.(]s) The pro;edure uses diamond
abrasives -and requirés four grinding steps {220, 600 grit, 6 and 3 micron) and
two polishfng stepsv(3 and 1 micron) with makimum applied force of 300 N
(67.4 1bf).

;(15) Maraglas 655/555 casting resin, Acme Chemicals and Insulation Co. with
-150 mesh soft mounting filler, Buehler Inc.

(16) Abrapol, Struers, Inc.

Ay ‘o % 2 Te L P N T S >
B T R N e S L R o0 B

T -




4.0  EVALUATION OF REACTION PRESSINGS

4.1 Chemical Analyses

Chemical analyses by emission spectroscopy, x-ray diffraction, and
~ electron microprobe examination were appiied to selected reaction bressings
to assess the results obtained for stoichiometric and off-stoichiometric

mixes of selected powder combinations.

4.1.1 Emission Spectroscopy

Tab]eVII'summarizes the results of emission spectroscopic ana]yﬁis
for pressings using'fouritypes 6f powders (Alfa -325 Ti, AEE -325 Ti,
AEE -325 B and Callery 320A? B). The total metal imipu'rity contents.of the
reaction pressings: HPI87 = 99.42; HP214 = 99.3%, HP226 = 99.4%, are in good
agreement with the purity levels for the elemental powders indicating that
~ontamination control for the numerous steps in the reaction pressing process
was effective. |

Iron is the most significaﬁt impurity, with silicon, aluminum,
manganese, and magnesium as secondary contaminanis; coppar and chromium are

present at trace impurity levels.

4.1.2 X-ray Diffraction

Eva]hation of x-ray diffraction traces (Ni filtered Cﬁ radiation,
A = 1.54178A) forvreaction pressings with stoichiometric composition
(HP212, 226) and 7.5% titanium in excess of the stoichiometric composition
(HP288, 289) are shown to matcr the ASTﬁ standard (Card 8-121) for hexagonal
TiBy {ay = 3.028A, Co = 3.228A, Dy = 4.50), Tables VIII and IX. The ieve]s of
impurity content'and excess Ti are apparentlj below the Iimits.fOr detection

by x-ray diffractometer methcds.
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TABLE VIII

" X-RAY DIFFRACTION ANALYSIS FOR PRESSINGS WITH STOICHIOMETRIC POWDER MIX

HP212* HP226* TiBy ASTM 8-121

I - 20 d,A 1 20 dA | dA I K
20 2750 3.2 | 30 - 275 3.2 | 3.22 20 001
0 34.02 263 | 40 30 263 |.2.62 60 100
100 4435 2,06 | 100 44.39 2.04 | 2.0 100 - 101
0 56.95 1.62 | 10 - 56.90 1.62 | 1.613 14 o2
15 608 152 | 15 6110 s | 1518 20 10
1S 6815 1.38 | 15 68.20 1.37 | 1374 - 16 102
10 68.40 1.37 10 68.50 1.37 | 1.370 10 1
— o 7200 13 |1 8 200

10 7865 1.22 | 1o 7870 1.2z | 1215 14 20
10 8840 1.1 | 10 840 1.1 | 1.008 . 12 112
—— S 1.020 12 202

10 10140 0.99% | 15 101.30 0.997 | 0.9956 8 103
10 108.50 0.950 | 10 -108.70 0.949 | 0.9479 10 211

| * FROM DIFFRACTOMETER RECORDS - Ni FILTERED Cu RADIATION, A = 1,54178 A

.................................
------------------------------
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TABLE IX

X-RAY DIFFRACTION ANALYSIS FOR PRESSINGS WITH EXCESS (7.5%) Ti

X-RAY DIFFRACTION DATA
HP288* | Tisp AsTH 8121

20 d.A d,A t

6 2159 323 | 3.2 2
76 .22 2.62 | 2.62 60 100
100 M4 2.04 2,033 160 10
13 56.95  1.62 1.613 14 002
16 el.20 151 |.1.514. 20 M0
13 65.08 . 1.377 | 1.374 6 102
16 68.17 1.376 1.370 10 m
------ -— { 1.am '8 200
16 78.75 1.2 1.215 14 2
17 8848 1.10 1.104 12 2
9 9850 1.02 | 1.020 12 202
8 101.20 0.998 | 0.9956 8 103
12 108.95  0.947 | 0.9479° 10 . 211

* HP289 ANALYSIS IDENTICAL

AMOUNT OF Ti RETAINED IS BELOW DETECTION LEVEL -




4.1.3 Electron Microprobe

The Cameca/Acton MS-64 e1ectrpn probe x-ray hicroanalyzer, suitable for
xX-ray spectrographic analysis down to boron (atomic number 5), was applied to
examine compositional gradients in the stoichiometric reaction pressing HPZiZ
(AEE 1-5 um Ti + Callery 320A?).

The elements detected by x-ray crystal specfrometry we}e Ti, 8, C, Fe,
and S1, as shown in the scanning x-ray images, Figure 13. All x-ray, images
in this figure were obtained in the area identical to the specimen current

'image. The B K, and Ti K, x-ray images have corresponding low concentration
areas that are also coincidental with the pore structure shown in the specimen
current iﬁage. Iron (Fe Ku) concentrations are found only at pore ioca;ions,‘
and do not appear to coincide with other impurity sites. The concentration
sites for silicon (SiKa) are coincident witﬁ the pore structure; some Si sites
are coincident with carbon (C K,) sites. |

This evaluation suggests the impurities are located at pore sui-faces
and the matr1x is TiB,, as previously established by x-ray diffract1on unalysis,
the script-like 1n;1usions, discussed in Section 4.3, Figure 19, are attributed
to TiB., The pore’sUrfaces and‘adjacent structure are rich 1n'Fe, or Si, of
Si + C and compounds sontéining Tix(B, Fe)y, FexBy, Tix(B,Si)y, SiC, and

‘ Tix(B.Si,C)y appear possible.

4.2  Physical and Mechantcal Propert1es

Physical and mechanical properties acquis1tion 1nc1uded bulk density
by immersion, three-point and four-point flexure testing, and elastic properties

by strain gage and ultrasonic wave velocity measurements.
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Figure 13. 420X, Electron microprobe examination of HP212 (AEE 1-5 pm Ti +
. : Ca]lery 320A?; 95.6% thecretical density) illustrating concentration
gradients of B, Ti, Fe, Si, and C compared to the pore structure
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4.2.1 Immersion Density Measurements

i The bulk density of porous bodies requires determiﬁation of the tétal
volume of sdlid plus pores. For sampleé‘of regular shapes this can be
achieved through measuring sample dimeﬁsions and calculating the voiume.

For irregularly shaped samples, Archimedes principle, which state§ fhat a
body wholly or partially jmmer;ed in a fluid is buoyed up by a force equal

| to the weight of the fluid displaced, must be applied. For a body of volume

.V cm3 immersed in a fluid of density p grams per cm3, the buoyant force F
in dynes is given by

| F=pgV ,
where g is thé acceleration due to gravity. The bulk dénsity is deterﬁined
using the following equation: i
pp, = [Wp/ (Wp-w1)1 0|

where Wp is the dry weight of the sample, Wy is the weight of the sample
while immersed in the liquid medium, and p| is the density of the 1iquid at.
temperature. |

The size, shape, distributibn, and amount of total borosity can be
determined from detailed examination of the microstructure. Alternately, the
total porosity can be measured by determining the bulk density pp of a sample

j (total weight/total volume, iﬁcludfng pore;) and comparing this with the

theoreticalhor true density py (total weight/volume or solids). Then

PP L

f

For a crystalline solid such as TiB,, the density can be calculated from the
cryctal structure and lattice constant, since the atomic weight‘for each

cqnstituent is known. The weight of each ion per unit cell s given by
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(number of sites) (fraction occupied) (atomic weight)/(Avogadro's number).

The theoretical density of TiB, for this study was calculated as 4.527 gm/cc.

4.2.2 Sonic Modulus

Ultrasonic measurements on TiBy plates were made at room temperature
and at a frequency of 1.0 MHz by the buffer block method, Table X . In this

method, pulses are transmitted from a transmitting transducer to a receiving

 transducer through a metal plate (the buffer block). The received signal is

displayed on an oscilloscope equipped with a calibrated sweep de1ay} Using
the sweep delay, the displayed signal is set to some reference point and the

delay reading recorded. The test specimen is then inserted in series with

. the buffer block so that the signal is further delayed by the transit time

through the specimen. Using the sweep delay, the displayed signal is moved

to the original reference point and the new delay time reading‘is recorded.

The difference in these two delay timé readings is the transit time througﬁ

the specimen and the wave velocity is the specimen thickness divfded by the

transit time. The "modulus" is the square of the velocity multiplied by the
density.

As the velocity obtained in this measurement is the "plate velocity",
the "modulus” thus obtained is higher than the Young's modu]us. It is |
actually the e1asfic constant Cyy (assuming an elastic,‘isotropic material).
Cyv is related to Lame's constant () and the shear modulu; (G) by

Chy = A'+ 26 |

whereas Young's modulus, E, is given by

g - 6(32 + 26)
A+6

41

N ™ e W gL M A m Lt g T et et et e . .
't .‘\-. Pa LSRR R et Mo e KR VA SR T At e T et et A R T T LTS S S

PE—




‘s

=

T

2
g

L]
!
el a il

L L]

- -y
» LN
- .’

Pl SR oW ks
AN
o & 8 & L2

w

a8

TABLE X

SONIC. MODULUS BY ULTRASONIC WAVE VELOCITY MEASUREMENTS AT 1.0 MHz

SPECIMEN
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THICKNESS
HP_NO. INCH
281 0.2310
282 0.2257
283 0.2261
' 284 '0.2248
286 0.2270 L
287 0.2260
288 0.2250
289 0.2247

WAVE

VELOCITY .
KM/S

9.878

9.911
9.8506
9.777
9.805
10.03
10.01

10.11
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" TRANSIT SONIC
DENSITY TIME MODULUS
6/CC _uSEC Msi
4.284 0.5940  ‘ 60;62
4.282 0.5784 | 61.01
4,295 0.5830 60.44
4.270 0.5840 59.20
4.310 0.5880 60.10
4.316 0.5720 63.04
4.344 0.5707 63.18
4.349 0.5640 64.59
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From 4-point flexure tests, E % 60 x 105 psi and V 2 0.1. From these values
of E and V it can be shown that C17 is about 2% Iargerﬂfhan E. For larger
Poisson's ratios the differénce becomes larger. For example at V = 0.29,
C11 is about 30% larger than E. Going in the other direction, Cy1 is about
0.5% larger than E at V = 0.05 and at V = 0 the two are equal.

4.2.3 Flexure Properties
Fsur-point and three»boint flexure tests were conducied usiqg pro-
cedures deyeloped in our laboratory for high strength ceramic and composite
ceramic materials.(17) Table XI summarizes the flexure property test results.
Four-point flexure tests were conductéd using'spans of 0.30 and 0.70

inch; four-poinf was used to obtain a test area of uniform stress so that

fu

Young's Modulus and Roissbn's ratio could be calculated from strain gage data.
The three-point tests were obtained using the larger broken pieces from the
foueroint tests, which were tested at spans of 0.50 or 0.70 inch, or using

a specimen with 3 sma]1 stressed volume (i.e. small dimensions, HP303, 304)

at the 0.50 inch span. The relation of three-point to four-point flexure
strength has been déveloped from Weibull Statistics for comparison of the

flexure property results.

4.3 Microstructure Examination

Evaluation of microstructure content (grain size, matrix and pore
structure, inclusion content), and determination of microharrdness and fracture
toughness by indentation were obtained to evaluate the recsults of various

powder mixes and reaction pressing processes.

(17) Procedures are similar to MIL-STD 1942 (MR), 21 November 1983, "Flexural

Strength of High Performance Ceramics at Ambient Temperature."
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4.3.1 'Microstructure Content

Microstfucturé examinatton and photomicrography was done on a Reichert
MeF, Universal microscope thch is equippéd with a twin lamp umit (quartz
halcczn and xenon burner) and various optical ' age enhancement devices.
Photomirrographs for the interceptlmethod of grain size measurenent were
obtained usinc either the Nomarski interference contrast or polarized light
attac:tents. |

Phncomicrographs of the spécimens noted in Table XI, and an SEM
examination of microporosity are presented in Figures 14 to 29. - -~ -~

A description of tre microstructure content is attempted in Table XII,

where the measured grain size ranges from 3.4 um to 10.1 pm.

4.3 2 Microhardness

Microhardness tests were performed using the.Tukon Model MO Micro-
hardnesé tester equipped for test loads up to 10 kg, as reported in Table XII.
The 100 g test loéd gave the most consistent results; higher loads often
produced corner cracking of deformation damage (chipping) at the indent.

This damage at the indent was due io densification of the porous TiB2 under

the indent, and required multiple indentations to obtain "readable" indents.

4.3.3 Fracture Toughness

Fracture toughness by indentatiqn (Table XII) was obtained using the A
same microhardness tester, except that test loads ranged from 1.0 to 6.0 kg.

Fracture toughness values were calculated using the methddo]ogy suggested

(18)

by Evans and Charles. Results previously reporteJlg)have been recalculated

(18) "Fracture Toughness Determinatidns by Indentation," A.G. Evans and E.A.
Charles, J. Am. Cer., Vo . 59, No. 7-8, July-August 1976.

(19) Interim Technical Report for October 1, 1983 to March 30, 1984, Contract:
No. DAAG46-83-C-0178,
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Figure 19, HP 215, Ti (AEE-325) + 2B (A1fa-60)
illustrating microporosity distribution
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using independently measured elastic moduli and 100 g test.Ioad hardress
data.

The controlled surface flow technique wa§ attempted to obtain -
independent measure of fracture tOughness.(zo) Knoop microhardness indents
'(average length = 376 im) were placed on the tension side of 0.250* x 0.050"
four-point flexure specimens. No fractures initiated at the site of the |
indents; fracture stress (flexure strength) of the "worst flaw" specimens
was not measureaB]y reduced éompared to "unflawed" spe;imens, indicating

" other microfeature defects, such as the pore structure, initiated fracture.

(20) "Fracture from Controlled Surface Flows," J.J. Petrovic and M.G. Mendiratta,
Fracture Mechanics Applied to Brittle Materials, ASTM STP 678, .
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5.0  DISCUSSION

5.1 Effects of Microstructure on Properties

The results of the reaction thermochemistry indicate the adiaﬁatic‘

temﬁeratﬁre of 3600°K, obtained in the reaction
Ti(s) + 2B(s) » TiBy(s) + aH

‘exceeds the melting point of TiBp, reported as 3063°K (27909C).(21) Studies
of the microstructure of the reaction pressings confirm that a 11qbid phase
is present during the process, and the reaction is in a liquid + TiBz phase
field. The electron microprobe results indicate that secondary phases
(possibly TiB and Ti) and contaminants (si, Fe, poséib]y Ti(B,Si), SiC) are
'rgjected from the liquid as the mass cools and are Tocated'at pore surfaces
and as inclusions in the TiB, matfix.

‘The effect'of starting powder purity and grain size on microstructure
development and on'physical and mechanical properties has been difficult to
uncover, Stoichiémetric and excess Tiipowder mixe§ react to form TiB; with
total metal impuritieé 0.57 to 0.75%. The formation of a 1iquid during'the
reaction is a desirable situation and rapid short term densification_is pre-
dicted. The'reéction‘is homogeneously auto-nucleated by an externally
applied fhe;mal gradisnt to the maximum process'hold temperature of 1760°C.
This sliort-term dénsification occurs during the.auto-ignition of the powder
mix af Tow external process. temperatures (700°C to 950°C). The externally-
applied process temperature continues to increase after the reaction ié
complete and the heat of reaction is dissipated. During this post-ignition
portion of the processing, sintering densification continues and is controlled

by kinetics of particle-particle mass transport or transport thfough secondary

(21) High Temperature Chemistry of the Binary Compounds of Boron, P.W. Gilles,
in Borax to Boranes, Advances in Chemistry Series Number 32, Amer. Chem.

Soc. 1961.
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Tiquid phases as suggested by the microstructure content. The role of
secondary phases and contaminants, present as the metal impurities, may be
to provide an interparticle liquid phase for the sintering &ensification that
occurs in ;he post-reaction portion of the process.

Characterization results (Table XI ) 1ndicate mechanical properties
(such as flexure strength) are dependent on improvement in finai density,
Figure 3C.' The trend of improvement in final density appears to be dependent
on improvements in process cycle (continuous external temperaturenincrease
versus incremental ihcreases) and chanées in powder mixing (jet milling
versus solids blending). These process changes have had more effe;t on
properties‘than powder sources or stoichiometry, with the possible exception
of the reaction pressings which used Callery 3203 boron.(zz)

The variation in flexural strength with fractional porosity and inverse

of grain size is shown in Figure§ 31 and 32. The relationship between strength -

and porosity developed from reaction-pressed TfBz,

| Ino = -5.58 » + 1n 59.9

when compared to the Mandorf and Hartwjg(23)expression; Tng = -3.19°P + In"
40.5, indicates a hfgher sensitivity (slope) to porosity changes than previously
recorded. The variation in flexﬁral strength (Figure‘32) appears invalid, |
'since an increase in strength with decreasing grain size is the expected trend,
but re-examination of the data indicates the finer grained (A,4 microns)

react1on pressings conta1ned cons1derab1e poros1ty, which demonatrates that

(22) HP212, 225, 228, {a) Microhardness exceeded 2700 Kg/mmz, (b) Fracture
toughness measurable by the indentation method. The thin lamellar
~morphology of the powder suggests a h1gh purity (99.9%) boron source
for the Ti + 2B reaction. :

(23) "Hfgh Temperature Properties of Titanium Diboride", V. Mandorf and
J. Hartwig, High Temperature Materials.
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future processing efforts must concentrate primarily on density improvements
for enhancement of strength. A critical grain size, ~ 15 microns (maximum) ,
has been suggested to minimize microcracking due to thermal anisotropy in

TiB, microstructures.(24’25)

(24) Effect of Microstructure on the Properties of TiBp Ceramics, M.K, Ferber,
P.F. Becher, C.F. Finch, Communications of the Amer. Cer. Soc., January
1983. '

(25) Sintering and Properties of Titanium Diboride Made from Powder Synthesized
in a Plasma-Arc Heater, H.R. Baumgartner and R.A. Steiger, J. Amer. Cer.
Soc., Vol. 67, No. 3, March 1984,
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5.2 Mechanical Property Data Analysis

The relation of‘3-point to 4-point flexure strength has been developed.
from Weibull Statistics;(zs) Assuming that fracture is initiated by volume
flaws, the'cumulative probability of failure (P) is related to stress (o)

and volume (V) by:

' TV g m T , ' '
P=1- exp -‘j/ (—) -_dYJ : (1)
) qg, '
“ ]
where m = Weibull modulus and'»o° is a normalizing constant.
For ceramics, m is generally in the range of 5 to 15. The Weibull

modulus is related to the scatter, with small scatter for larger "m". Eq. (1)

can be integrated to give:

S i
P=1-exp l_-x.v(—}"-)_j - (2)
. , 0. - : |
where Oy = th2 max. stress (i.e., strength) and K is related to the type of .
test.
For a 3-point flex test
1. S
= —— (3)
1 (m+1) '
For a 4-point flex test
m (%)'+ 1
K= > (4)
2 {m+1) '
where a = inner span
b=

outer span.

(26) Fracture Statistics in Design aﬁd Application, C.A. JoHnson, December 1979,

GE Report No. 79CRD12.
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'If one has sufficient data to obtain a good mean value, this can be
substituted for0,-in Eq. (2) and P will be about 0.5. If this is done for

both 3 and 4-point data, vne obtains

. 1/m
73 ) K4 . V4 .
5 T \G v . (5)
C4 K V3 ’ }

where the subscripts refer to the type of loading.

Table XIII shows the.ratio of 3-point t6 4-point flexure strength that is
predicted b} Eq. (5) for the test conditions used andbfor weibu11‘modu1i of
5 to 20. It is seén that for this range of moduli, the 3-point strengths
wéuld be expected to be 15 to 40% hiéher than the 4-point.

A comparison of the test data is made in Table XIV. Of the four sets

of data, that for HP214 shows the lowest scatter and the 3-point mean is

about 6% hfgher. Using normal sfatistics, this difference is significant
(one-sided t-test at 95% confidence level). From Weibull statistics, con-

sidering the K.V ratio (Eq. (5)), such a smali difference implies a very high

~Weibull modulus.

For the HP215 specimens the mean for the 4-point tests is 32.73 ksi.
Thus the 3-point mean is lower unless one could justify rejection of the 13.18
value, in which case one would conclude that there was probably'no‘différence.
A similar situation exists witﬁ the HP228 data. 'If the one low point. (8.42 ksi)
could be rejected, then the 3-point mean would be lower. Using the Dixon
criterion however, this point is not rejectable and hence the two means are

about tire same,.

n
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The data on HP226 show considerable scatter and while the 3-point
mean is 36% higher than the 4-point mean, the difference is not significant
From Weibull

(ndrmal statistics: one-sided t-test at 95% confidence level).

statistics, a 36% increase, if real,
Calculations of the Weibull modulus from the 4~po?nt data only, by two dif-
ferent methods, gave values of 5 and 7. However, for such a small number
of data points these calculations could be corsiderably inlerror.

In the comparison of HP284 with 288 and 289 and with f1exura1 strength
data obtained by AMMRC on HP279, Ti + 28B, groups HP288 and 289 were the
same, Table XV. For 4-po1nt flexure the mean strength-was 44300 psi

(s.D. = 5684).

For HP284 the 4-point.f1exure strength was 43440 psi

i

(S.D. = 2710), Table XVI). This difference is not significant at the 95%

confidence level, Of possible importance, 284 appears to have less scatter

but again the difference is not significant (95% confidence level). There
are too few data po1nts to rzally be sure.
wWeibuil moduli were calculated but the accuracy can be'assumed to

be poor for so few data points. Results were:

would imply a Weibull modulus of about 6.

284 288-289
Least Squares Method 17.2 8.6
MLE Method 29.2 11.5
74
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For fhe HP284, the ratio of 3-point flexure strength to 4-point
strength indicates a Weibull modulus of about 30. However, with only
two 3-point data points, this could be considerably in error. AMMRC tests
on HP279 indicated a Weibull modulus’of 19;5 (from 18 tests) and a mean
strength of 49000 psi.(27) Based on the AMMRC data, our 3-point specimen
“would be expected to have a ;trength'of 46630 psi. This is suffiéient]y
close to our mean (47390) that it could be attributed to insﬁfficient data
(2-points). However, our 4-poipt mean'is also higher than that predicted
from the AMMRC data (43440 vs. 41580) and it‘is predicted that HP284
flexure strengths would be greater than 49000 if the smaller AMMRC sized

specimen were used..

5.3 Increasing Density and Flexure Strength thfcugh Powder Processing
Processing of ceramic powders prior to sintering‘andVdensification

(28,29) It is generally

has become well documented in the recent past.
agreed upon that‘certéin ceramic powders are more sinterable than others;

the degree to which they differ being a function of particle size, size

distr%bution,'bartic1e shape, degree of agglomeration, and impurity content.

‘In anisotropic materials such as TiBy, mechanical properties -are usually

a function of .the microstructure which, in turn, is a function of precursor

(27) “Characterization of SHS TiBz", Philip Wong, U.S. Army Materials and
Mechanics Research Center, April 1985, GE Contract No. DAAG-46-83-C-
0i178. - ' \ . e

(28) “Firing the Proof Test for Ceramic Processing", W.D. Kingery, Ceramic

drocessing Before Firing, G.Y. Onada, Jr. and L.L. Hench, Eds., Wi.ey,

New York, 1978. ‘

{29) "Concepts in Ultrastructure Processing”, L.L. Hench, Ultrastructure
Processing of Ceramics, Glasses, and Compesites, L.L. Hench ard
D.R. Ulrich, Eds., Wiley, New York, 1984,
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(30) In order to optimize the mechanical

cemponents and metho& of fabricatiqn.
properties of TiBy fabricated by the self-propagating reaction technique, it
will be necessary to carefully characterize the precursor powders in terms of
the previously mentioned‘parametef;; and make them more reactive/sinterable.
Cbnsiderable effort has been expanded in attempting to delireate
mechanisms of sintering in terms of speciflc equations and diffusion paths.
In terms of practica] 1nformation the thpories have been of great importance
in defining what can be done to change the 51nter1ng behavior of many materials
to promote densification. Regardiess of the theory, equation, or mechanism
of sintering.employed,,fhe rate of densification is inverse]y'proportional
to.the.particle_size. This means that the smaller the bartic]e size of the
material, the more active the particfe will be towards sintering. To put
this in perspeétive, data on various Bager-process alumina powders show that
a ten-fold reduction in pértic]é»sizg reduces the sintering temperature by

approximately 200°C (31)

Although it is generally agreed upon that particle size is an important
factor, confusion arises because many’times small particles are held together
in aggiomerates. An agglomerate can be defined as a small mass having a
network 6f interconnected pores. They are comprised of primary particles
held together by surface forces (soft aggiomerates) and/or solid bridges due
tovéintering, fusion, chemical reaction, ofvthé'setting of a binder {hard
agglomerates or aggregates) Van der waal's forces exist between all pafticles,

and predom1nate for very fine part1c1es under dry conditions. Adsorbed

(30) M.K. Ferber, P.F. Becher, and C.B. Finch, "Effect of Microstructure on
the Properties of TiBy Ceramics," J. Amer. Cer. Soc.

(31) 1.B. Cutler, Active Powders," in Ceramic Processing Before Firing,
G.Y. Onada, Jr., a=d L.L. Hench, Eds., Wiley, New York, 1978,
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moisture or even moisture condensed between particle contacts are the
mechanisms that lead to the commonly observed cohesive powdérs. A1l these
produce soft agglomerates that can be readily crushed during forming or
disrupted by di;persing in a wetting liquid.

Hard agglomerates, on the other hand, resist crushing during ordinary
formingvand handling} Inappropriate binders often produce hard agglomerates,
particularly if the binder has too high a glass transition temperafure.
Powders prone to hydration can form hard agglomerates in which particles are
cemented fogether by hydrated phases. But by far the most common and
deleterious of the hard agglomerates are those native to powders produced by
calcination. In thi§ case, particIes are connected by strong solid bridges.

These can form by ordinary sintering of loose particles at high calcination

_ iemperatures.or when phase transformations occur by nucleation and growth

mechanisms.
It is generaily accepted that hard agglomerates retard sintering to

theoretica1-density,(32,33)

One of the most obvious effects is the creation
of large voids around the aggregate due to poor packing of smaller particles
or by tﬁe bridging of other aggregates. Such voids, much larger than the
surrounding grains, cannot be removed during sintering as there is no driving
force fur elimination of such oversize porosity. A more subtle effect occurs
when closely packed aggregates undergo preferential intra-agg1omer$te

sintering and pull away from neighboring particles leaving large lenticular-

shaped voids. This leads to locally inhomogeneous sintering and rapid grain

(32) J.W. Halloran, Agglomerates and Agglomeration in Ceramic Processing,”
in Ultrastructure Processing of Ceramics, Glasses, and Composites,
L.L. Hench and O.R. Ulrich, Eds., Wiley, New York, 1984,

(33) W.H. Rhodes, "Agglomerate and Particle Size Effects on Sintering
Yittria-Stabilized Zirconia," J. Amer. Cer. Soc. 64 (1), 19 (1981).

R R R N I O i e T Ot T R A R L R LA RN L R AR SR




growth in the dense regions where ;heré is no porosity to impede grain
boundary migration. Around these fsolatedAaggregates; the inhomogeneous
shrinkagevcreates local microstresses and, in some cases, crack formation.
The remgining factors that effect the sinterability of ceramic powders,
namely particle shape, particle size‘distribﬁtion, anduimpurity content, are
essentially secondary to the effects brought about by the bartic1e size and
the state of aggiomeration. Their role in the sintering process therefore
has been the topic oflfewer investigations. Regardless, some generalizations
can be made. th]er and Henrichsen(34) found that nonequiliérium (angular)
particle shapes of glass sintered more.rapid1yvthan equ%librium or spherical
particle shapes. This is of significarnce since grinding pfoduces particles
that are angularly shaped. Size diStribution is important in practical
sysfems where shrinkage is to be minimized. Mostly large particles and
sufficieﬁt small particles to fill in the interstices will yield a system of.
highest green (uﬁfired) deﬁgity and 1east‘amount of shrinkage. HerQer» a |
system of mostly coarse particles will sinter as though it were composed
entirely of coarse particles,‘and the sintering temperature will have to be
increased accordingly. Impﬁfities and additives can have dramatic effects
on the sintering and densification of ceramic powders. Finding additives
that are both gfain:growth inhibitors and that promote the elimination of
: porosify is both Jifficult:and-time—consuming. - In general, though, additives
: or.impurities that form a liquid phase during sintering promote densffication

while those that do nottend to inhibit densification..

(34) I.B. Cutler and R.E. Henrichson, "Effect of Particle Shape on the
Kinetics of the Sintering of Glass," J. Amer. Cer. Scc. 51 (10},
604-605 (1968).
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The dramatié increase in sintered dehsity.and flexure strength of
7jet-mil1ed tiﬁ&nium and boron powder§ used to form TiB, by sel f-propagating
reaction hés peen demonstrated. This benefit of powder mixing by jet-milling
is seen in.comparison of the flexure strength of jet-milled HP303, 426 MN/m2
”(61;8 ksi) and solids-solids blended HP284, 299 MN/m2 (43.4 ksi). Jet-milling

ety LR PR . x
l. B - '" 1 4
NI e ol e i

2
.

t

is the preferred method of milling, in this case, since it has been shown to

. e

introduce fewer impurities and produce particles with both smaller average C -7

particle size and narrower particle size distribution than particles millgd 13
by more conventional methods, sﬁch as ball mﬂh‘ng.(9 ) The enhanced | Ei
properties of a jet-milled Ti and B powder mix of stoichiometric 1;2 mole ' ﬁ}
-ratio can be att;ibuted to any combination of three factors.. First, jet- ij

milling decreases agglomerate size and therefore, overall particle size

’
St

distribution making the powders more reactive since the sinterability of a

R e N
AR ‘ } . R
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powder system is inversely proportional to particle size. Secondly, the

se]f—aftriti&n process produces particles of anguiar shape that are more.

reactive than spherical particles. Finally, jet-millir; increases the Eg

homogeneity of the titanium and Soron powder mix which would enable fhe | ;ﬂ

exothermic reaction to propagate uniformly throughout the body. | z
Attempts to "seed" the titanium and boron jet-milled powder with/ _ | ,i

without TiBy was slightly less successful. Although the flexure strength of ":1

the seeded, jet-milled mix was greater than powders mixed by conventionai

methods, it was less than that for the unseeded, jet-milled system (57,210

ol

psi vs. 61,770 psi for the unseeded specimen; both being an average of eight o -
flex bar specimens). Further attempts to seed titanium and boron pow’ars will
be made, however, by varying bbth the particle size and the amcunt of TiB,

powders added;
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5.4 ' Improvements to Processing

'

Several areas in the prccessing scheme of titanium diboride'by the

self-propagating reaction technique have been identified as sites of potential

improvement. Whether oxygen and nitrogen impurities exist in the raw materials

'and théir effect on the reaction are questions that' remain unanswered.
Oxygen and multi-element neutron activation analysis on the titanium ana boron
powders both before and aftér‘jet milling would determine if this‘is a problem.
that needs addressing.“ |

It has beennoted(gknat in mu]fi-componeﬁt systems where large density
and partfcle size differences exist between the powders; jet mil]in§ wil]

tend to separate and collect the fine particles of low density and could

conceivably alter the initial batch. A way to circumvent this problem would

be to first mill the coarser and denser titanium powder, mik with boron, and
jet m: | the multi-component system. | |

The green dehsity-of a particulate compact, to a lafge extent, controls
the final density of the sintered product. In homogereous regions in a gEeen
compact due to powder particle size or ineffibient partic]e packing resylt
in nonuniform sintering rates which, in turﬁ, creqte'trahsiént stresses, Tﬁese
stresses'influehce particlé rearrangement and may result in the development
or én!argement of void sbace(35)Maximizing green density, through particle
size and distfibution control, and efficiént dié fill, cdu]d.1ead to hot

pressed particles free of these strength degrading voids.

(35) A.G. Evans, "Considerations of Inhomogeneity Effects in Sintering,"
J. Amer . Cer ., Soc. 65 {10) 497-501 (1952)
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5.5 Autoclave Processing

5.5.1 Processihg;péscription

| The autoclave, with its 15006 psi capability, represents a method of
applying pressure on the titanium/boron powder mix as it transitions from
a solid th: .«cqh a liquid phase and back. Figure 33 shows the schematic of
the autocla. : with a mold in the isolation chamber. Figure 34 is a full-scale
drawing of the mold with the powdér mixturevin place prior to compaction.
The vacuum bag (B) keeps the autoclave gas from entering the mold and thereby
equalizing the pressure. With the:vacuum bag in place the full autoclave
pressure is exerted on the moveable plungerfof the mo1d,:and will compact
the mixture during the reaction phase,

This continually applied force will remain constant unti] the sample

has cooled to foom temperature. The autoclave has an internal volume of A
27,205 in3 whereas the compaction volume for a 6" x 6" x 1" plate is only
36 in3 and in this relationship,when thé mold compacts, the overall autoclave
volume is ‘increased but such an insignificant percentage that the pressure

can be assumed to be constant.

5.5.2 Preliminary Tests

Preliminary autoclave tests were conducted at the 3000 psi level to

develop a process data base. During these tests the autoclave was maintained

at room temperature and an ignitor wire was used to initiate the reaction.

Normal startup difficulties were experienced in obtaining a power path into
the autoclave, through the yacuum bag and to the ignitor wire without short

circuiting the system. After this difficulty was overcome a successful

ignition was conducted at 3000 psi at which time the reaction heat and by-product

. gas forced the moveablc plunger to cock while melting the orgénic vacuum bag.
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WATER COOLED HIGH PRESSURE CLOSURE
WATER COOLED PRESSURE VESSEL

COOL INSTRUMENTATION SPACE
INSULATED ISOLATION CHAMBER LID
ISOLATIOr CHAMBER INSULATION
ISOLATION CHAMBER HEATERS

TITANIUM DIBORIDE MOLD (SEE EXPANDED VIEW, FIGURE 31)

HEATED ISOLATION CHAMBER

Figure 33. High pressure autociave.
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Figure 34. Autoclave pressure mold - full scale.
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It is believed that these problems can be overcome by going up to

the 12-15000 psi level and by incorporating a high température bag.

. 5.5.3 Process Scale-Up

‘ The autoclave process appears to offer an excellent method for making
the tiles and because of the fairl; larée autcclave volume one unit could
produce a large number of tiles during each run. In A production type'df
setup, two pressure vessels would be employed énd one of the vessels would
be brbught up to pressure and the tiles made while the second vessel was
be{ng loaded with tiles. THe'high pressure gas from the first process would
then 'be transferred to the second autoclave and the tiles in that autoclave

formed while the first autoclave was being emptied and reloaded.
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CONCLUDING REMARKS

1)

2)

3)

4)

5)

The heat of the Ti + 2B reaction is sufficient to produce
considerable Tiquid during the process cycle although the
relatively fine and uniform grain indicates complete melting
is not achieved.

The reaction appears to be initiated by the melting of
titanium which upon reaction with the boron particle surface
produces TiBy with the release of chemical er2rgy. This
energy is sufficient to liquify the interface and thus
prcvides high diffusion rates; this conditior allows
continuous transfer of the liquid phase intc boron rich.
regions as exemplified by completion of the reaction.

Stoichiometric powder mixes, when prepared by jet-milling,
produce a significant increase in flexure strength
properties in the reaction prassing.

Powder mixes with excess Ti (5.0 and 7.5 weight percent)
produce TiBy pressings very similar in properties to
stoichiometric mixes, when powder preparation was solids-

'solids tlending. However, powcer mixes with excess B.

(2.0 weight percent) were low density (less than 85%) and
lower strength than stoichiometric powder mixes.

Flexure strength is maximized when density is maximized.
Improvements in strength are more sentitive to processing .
methods than to ‘input powder size and chemistry, although
the powder chafadteristics are seen to be important.

It appears that the next phase of this study should
proceed in the following diraction:
a) Provide more rigorous powder characterization,
'b) Achieve optimum powder mixing ﬁrior to reaction,

¢) Proceed with process scale-up in order to
achieve sizes which can be meaningfully tested.
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